We present a low-frequency, broadband polarization study of the FRII radio galaxy PKS J0636−2036 (z = 0.0551), using the Murchison Widefield Array (MWA) from 70 to 230 MHz. The northern and southern hotspots (separated by ∼14.5 ′ on the sky) are resolved by the MWA (3 ′ .3 resolution) and both are detected in linear polarization across the full frequency range. A combination of Faraday rotation measure (RM) synthesis and broadband polarization model-fitting are used to constrain the Faraday depolarization properties of the source. For the integrated southern hotspot emission, two RM component models are strongly favoured over a single RM component, and the best-fitting model requires Faraday dispersions of approximately 0.7 and 1.2 rad m −2 (with a mean RM of ∼50 rad m −2 ). High resolution imaging at 5 ′′ with the ATCA shows significant sub-structure in the southern hotspot and highlights some of the limitations in the polarization modelling of the MWA data. Based on the observed depolarization, combined with extrapolations of gas density scaling-relations for group environments, we estimate magnetic field strengths in the intergalactic medium between ∼0.04 and 0.5 µG. We also comment on future prospects of detecting more polarized sources at low frequencies.
INTRODUCTION
Active galactic nuclei (AGN) can eject jets of relativistic plasma powered by the central supermassive black hole of the host galaxy. These AGN jets have sufficient energy to significantly impact the evolution of the host galaxy and its immediate environment by heating the interstellar and intergalactic gas that might otherwise cool and eventually form stars (e.g. Kronberg et al. 2001; Croton et al. 2006) . Determining the exact mechanism(s) by which these AGN jets can transfer their energy to the environment is important for understanding the role of AGN in the evolution of galaxies (Fabian 2012; McNamara & Nulsen 2012; Heckman & Best 2014) . Shocks, sound waves, cosmic rays, as well as entrainment and large scale mixing of gas by the jets (and lobes) have been studied as potential mechanisms for depositing the latent AGN jet energy into its en-⋆ E-mail: shane@hs.uni-hamburg.de vironment (e.g. Brüggen & Kaiser 2002; Fabian et al. 2003; Enßlin et al. 2011; Ruszkowski et al. 2017) .
The structure of AGN jets and lobes is illuminated by particle acceleration processes that generate synchrotron emission that is easily detected at radio wavelengths. This synchrotron emission is intrinsically highly linearly polarized, which enables radio spectropolarimetry observations to provide a sensitive probe of thermal plasma via the effect of Faraday rotation. The Faraday rotation is detected through the change in the linear polarization angle (∆ψ) as a function of wavelength-squared (λ 2 ), where ∆ψ = RMλ 2 , with the Faraday rotation measure (RM) defined as RM [ 
where B | | is the line-of-sight magnetic field, n e is the free electron number density, and l is the path length through the magnetoionic medium. Since the precision with which the Faraday rotation measure can be determined depends on the total wavelength-squared coverage, low-frequency radio telescopes (with frequencies less than 300 MHz) can outperform traditional centimetre radio facilities by more than two orders of magnitude in this regard (Brentjens & de Bruyn 2005) . Finding extragalactic polarized sources at low radio frequencies has been challenging to date due to the often poor angular resolution, the influence of the ionosphere, and the expected strong effect of Faraday depolarization (c.f. Farnsworth et al. 2011; de Bruyn 2012; Gießübel et al. 2013) . However, recent advancements in low frequency radio interferometers, for example the Muchison Widefield Array (MWA; Tingay et al. 2013 ) and the Low Frequency Array (LOFAR; van Haarlem et al. 2013) show that it is possible to detect extragalactic polarized sources at these frequencies (e.g. Bernardi et al. 2013; Mulcahy et al. 2014; Jelić et al. 2015; Orrù et al. 2015; Lenc et al. 2016) .
In this paper, we study the brightest polarized source detected to date at low frequencies, PKS J0636−2036, using the MWA telescope from 70 to 230 MHz. This is the first broadband polarization and Faraday rotation analysis of a radio galaxy at such low radio frequencies, providing key constraints on the thermal gas properties of radio galaxies, and important insights for studies in this area with current and future radio telescopes (e.g. SKA1-low 1 ).
PKS J0636−2036 is a nearby FRII radio galaxy identified with an isolated elliptical host galaxy at z = 0.0551 (Schilizzi & McAdam 1975; Kronberg et al. 1986 ). The radio galaxy has two bright, roughly co-linear hotspots at either ends of the radio structure connected by fainter bridges of radio emission (the lobes), while the host galaxy has broad optical emission lines and extended emission-line gas within 20 ′′ of the nucleus (Baum et al. 1988 ). The radio luminosity at 1.4 GHz is L 1.4 GHz ∼ 6 × 10 25 W Hz −1 . The southern hotspot is the brightest feature of the source, and the southern lobe is ∼100 ′′ longer on the sky than the northern lobe. The total size of the radio galaxy is ∼870 ′′ , which led it to be listed as a Giant Radio Galaxy (GRG) in early studies (Danziger et al. 1978) , although with the cosmology used in this paper the projected linear size is ∼957 kpc. GRGs are typically defined as radio sources with linear sizes of 1 Mpc, likely due to their jets propagating in a low density environment (e.g. Mack et al. 1998; Schoenmakers et al. 2000; Subrahmanyan et al. 2008; Machalski et al. 2011) .
In Section 2, we describe the MWA observations and data reduction, as well as a description of high angular resolution observations with the Australia Telescope Compact Array (ATCA). Section 3 describes our general approach to the broadband polarization modelling. Section 4 presents the results for the northern and southern hotspot of PKS J0636−2036. In Section 5 we present various scenarios to explain the broadband polarization data, and discuss the likelihoods and implications of these scenarios in Section 6. The conclusions are listed in Section 7. Throughout this paper, we assume a flat ΛCDM cosmology with H 0 = 67.3 km s −1 Mpc −1 , Ω M = 0.315 and Ω Λ = 0.685 (Planck Collaboration. et al. 2014) . At the redshift of the source, 1 ′′ corresponds to a linear size of 1.1 kpc. We define the total intensity spectral index, α, such that the ob-1 http://skatelescope.org/ served total intensity (I) at frequency ν follows the relation I ν ∝ ν +α .
OBSERVATIONS AND DATA REDUCTION

MWA Observations
The Murchison Widefield Array (MWA) is located at the Murchison Radio Observatory in Western Australia. At the time of observation, the MWA consisted of 128 tiles (with a maximum baseline length of ∼ 3 km), where each tile has a regular 4 × 4 grid of dual-polarization dipoles (Tingay et al. 2013) .
We used archival 2 GLEAM (A Galactic and Extragalactic All-Sky MWA) survey visibility data ranging from 72 MHz to 231 MHz (Wayth et al. 2015; Hurley-Walker et al. 2017) . Our primary target, PKS J0636−2036, drifted within the half-power beam-width on 2013 November 25 between 17:37 and 19:13 UTC. The observing specifications are listed in Table 1 .
The data was flagged using aoflagger (Offringa et al. 2012 ) to remove radio frequency interference (RFI) and channels affected by the poly-phase filter bank (Ord et al. 2015) . In all, approximately 25% of data was flagged although only a small fraction of this was due to actual RFI (Offringa et al. 2015) .
We used the real-time calibration and imaging system (rts; Mitchell et al. 2008; Ord et al. 2010 ) for bandpass and gain calibration on a per 2-minute snapshot basis. We used a local sky model centered on the inner 20 • of the primary beam and taking an ensemble of the 30 most significant sources taken from the MWA Commissioning Survey (Hurley-Walker et al. 2014) . Visibility data from baselines shorter than 50λ were down-weighted to improve calibration in the presence of diffuse structure. We estimate the uncertainty on the absolute calibration to be better than 10%.
Imaging was also carried out with the rts with a taper to down-weight baselines above 700λ and a lower baseline length limit of 50λ. The baseline restrictions provide a near-constant beam size across all frequency bands ( Table  2 ) and limit contamination from large scale structure. To avoid bandwidth depolarization, all bands were imaged at the full 40 kHz spectral resolution.
To correct for ionospheric Faraday rotation we estimated the ionospheric contribution to the RM with RMextract 3 . The ionospheric component of the RM was then de-rotated from the Stokes Q and U image cubes in each 2 minute snapshot. Once corrected, the image cubes were integrated in time. Predictions of ionospheric Faraday rotation are typically accurate to within ∼0.2 rad m −2 (Lenc et al. 2016) . For the night-time, near-zenith observations presented here, Lenc et al. (2017) showed that the predictive accuracy of the variable component of ionospheric RM was ∼0.03 rad m −2 . Similarly, they demonstrated that if the accuracy were worse than ∼0.085 rad m −2 then the southern hotspot would completely depolarize in the 89 MHz MWA Table 1 . Summary of observing specifications for each observing band. The lowest and highest observing frequency are specified by ν min and ν max , respectively. BW chan specifies the channel bandwidth used for imaging and t int the overall on-source integration time (note that the ATCA data is spread over two pointings in order to image both the northern and southern hotspot). δφ and |φ m a x | are the resolution and Faraday depth range available in each band when using the RM synthesis technique. band. These tests do not preclude the possibility of a constant offset error in the ionosphere RM prediction, however, as all MWA bands were observed over the same period they would all exhibit the same offset.
ATCA Observations
PKS J0636-2036 was observed using Directors Time (project CX317) on 2015 February 27 from 04:40-14:47 UTC using the Australia Telescope Compact Array (ATCA) in a 6 km configuration (configuration 6C). The Compact Array Broadband Backend (CABB; Wilson et al. 2011 ) was used with 2048 MHz bandwidth (1 MHz channels) centered at 2.1 GHz (16 cm). In total, 12 × 10 minute scans were taken of the southern hotspot and 11 × 10 minutes scans of northern hotspot.
A 15 minute scan of the standard flux density calibrator source PKS B1934-638 was used for calibration. Primary flux density calibration and data flagging for radio frequency interference was performed using standard calibration procedures for the ATCA in the data reduction package Miriad (Sault et al. 1995) . The observations suffered from significant RFI at the lower end of the band and the first ∼150 channels were flagged.
Time-dependent calibration was performed by first generating spectral models for both the northern and southern hotspots with the task mfclean and then using this model to perform phase-only self-calibration. Once calibrated, the visibilities were averaged down to 64 × 32 MHz channels and full-Stokes image cubes were generated and deconvolved using the task clean. The resulting image cubes were restored with a 5 ′′ beam to enable the high resolution structure of the polarized hot spot to be studied. They were also restored with a 25 ′′ beam to study the unresolved properties of the hotspot.
To determine the effect of ionospheric Faraday rotation we used RMextract to estimate the RM component of the ionosphere over the course of the ATCA observing period. The mean shift in RM as a result of ionospheric Faraday rotation was estimated to be −2.5 rad m −2 and all RM measurements made with the ATCA were adjusted to account for this.
POLARIZATION MODEL-FITTING APPROACH
In order to model the broadband polarization data, we consider several different polarization models that describe different types of Faraday depolarization. In particular, we follow the algorithm described in O' Sullivan et al. (2017) , where they use a general model that can describe Faraday effects internal or external to the emission region, from both uniform and turbulent magnetic fields. The complex polarization equation for this model is
where for each complex polarization component (P) or 'RM component', p 0 is the intrinsic degree of polarization and ψ 0 is the intrinsic polarization angle. The parameter ∆RM usually describes internal Faraday depolarization in the presence of a uniform magnetic field, but can also be consistent with external Faraday depolarization caused by a linear gradient in RM across the emission region (e.g. Sokoloff et al. 1998; Schnitzeler et al. 2015) . The parameter σ RM,B is used to describe Faraday depolarization from RM variations due to a turbulent magnetic field, a process often referred to as external Faraday dispersion or 'Burn-law' depolarization (Burn 1966; Laing et al. 2008) .
As described in Tribble (1991) and Sokoloff et al. (1998) , the assumptions underlying the 'Burn-law' are expected to break down in the long wavelength regime (2σ RM λ 2 ≫ 1, p(λ 2 )/p(0) ≪ 0.5). Therefore, we also consider polarization models that include the expected transition from an exponential decline to a power-law decline in p(λ 2 ), as described in eqn. 3 of Tribble (1992) . In this case,
where P = p 0 e 2i(ψ 0 +RMλ 2 ) and σ RM,T is used to describe Faraday depolarization following the 'Tribble-law', with the parameter S = s 0 /t depending on the resolution of the observations (t) and the scale size of the RM fluctuations (s 0 ). For example, as S → 0 the RM structure becomes fully unresolved and the 'Burn-law' behaviour is recovered, while as S → ∞ the RM structure becomes fully resolved and there is no depolarization. In the 'short-wavelength' regime (p(λ 2 )/p 0 > 0.5), the σ RM and ∆RM parameters produce equivalent amounts of depolarization for ∆RM ∼ 3.22σ RM . Furthermore, the ∆RM parameter can describe a linear gradient in RM across a flat beam profile, but to describe the more realistic case of a Gaussian beam profile ∆RM needs to be divided by a factor of 1.35 (Sokoloff et al. 1998 ). In the case of internal Faraday rotation, this correction factor is not required.
In this work, we consider up to a maximum of two RM component models, using Eqns. 2 & 3 and combinations thereof (e.g. P = P 1 + P 2 ). To evaluate the quality of fit and to discriminate between models with different numbers of parameters, we use the reduced-χ-squared values ( χ 2 r ) and the Bayesian Information Criterion (BIC), as described in O'Sullivan et al. (2012) . The model with the lowest BIC and χ 2 r values was selected as the best fitting model (e.g. Raftery 1995).
RESULTS
Rotation Measure (RM) Synthesis (Brentjens & de Bruyn 2005) was used to determine the Faraday dispersion function (FDF), which is the polarized intensity as a function of Faraday depth (Burn 1966) , for each pixel in each image cube. To decrease the effect of sidelobes in Faraday space, the RM cubes were deconvolved using RM CLEAN (Heald 2009 ). With the combined ionospheric calibration and RM synthesis technique, polarization was detected in both the northern and southern hot spot of PKS J0636−2036 across each of the five MWA observing bands and in the ATCA data (faint polarized emission was also detected in the northern lobe/bridge in the two highest MWA bands, and is summarised in Section 4.2).
The peak polarized intensity and RM was measured at Table 3 . The Faraday dispersion function for the southern hotspot of PKS J0636−2036, which is the brighter of the two hotspots, is shown in Figure 1 for the lowest and highest MWA frequency bands. Figure 2 shows the total intensity image of PKS J0636−2036 and the polarized intensity maps for the northern and southern hot spots in the 154 MHz band at +36.3 and +50.1 rad m −2 , respectively. Figure 3 shows the total intensity as a function of frequency for the MWA data of the southern hotspot, and also includes the NRAO VLA Sky Survey (NVSS) data at 1.4 GHz (Condon et al. 1998 ). The NVSS I, Q and U images at 1.4
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GHz 4 were convolved to the same beamsize as the MWA data (∼3 ′ .3). The NVSS total intensity and fractional polarization data were then extracted at the same location as the peak polarized intensity of the southern hotspot in the MWA data (Table 3) . This also provided a crucial additional data point at λ 2 ≃ 0.046 m 2 to help constrain the polarization model-fitting. The solid line in Figure 3 shows the linear regression fit to the MWA and NVSS total intensity data, with a best-fitting total intensity spectral index α = −0.815±0.007. There is no evidence for a turnover/cutoff in the total intensity spectrum down to 75 MHz; although we cannot rule out higher resolution observations at low frequencies revealing more interesting spectral structure for the hotspot (e.g. Harwood et al. 2016 Harwood et al. , 2017 . The total RM of the southern hotspot of ∼50 rad m −2 (Table 3) is dominated by the Galactic foreground (Kronberg et al. 1986; Taylor et al. 2009) , with the RM contribution local to the source expected to be much smaller given how far the source extends outside its host galaxy, in addition to the low galaxy-density environment in which the source resides (Baum et al. 1988 ). Thus, one of the best ways to study the magnetoionic material local to the source is through the Faraday depolarization observed across the MWA bands. Figure 4 shows the MWA broadband polarization data in each channel for the southern hotspot (with the NVSS data point included). The q, u data oscillate rapidly because of the large RM, however, from the envelope of the data it is clear that there is significant depolarization across the MWA band, which ranges in wavelength-squared from ∼1.7 to 16 m 2 . For comparison, this is > 300 times the wavelengthsquared coverage in typical cm-wavelength observations with the ATCA (e.g. O'Sullivan et al. 2012) .
Due to the lack of an absolute polarization angle calibrator, there are unknown offsets in the polarization angles measured between the MWA bands. This precludes us from doing qu-fitting on the full dataset. We expect that this can be rectified in future when more brightly polarized sources are found and studied at low frequencies. Instead, we model the p(λ 2 ) data (see Section 4.1.3) in conjunction with the RM synthesis results within each band (which are robust against the absolute polarization angle calibration).
To construct a reliable p(λ 2 ) depolarization curve, we need to correct for both the instrumental polarization and the polarization bias. In order to isolate most of the instrumental polarization (which shows up mainly at RM ∼ 0 rad m −2 ) from the real signal (at RM ∼ 50 rad m −2 ), we used RM synthesis to coherently average the polarization data in small intervals across each MWA band (with 10 intervals across each band). We only retained those data points with signal to noise greater than 6 (Brentjens & de Bruyn 2005) , and also corrected the degree of polarization for the effect of polarization bias, following George et al. (2012) . By extracting the fractional polarization values at the peak in the RM synthesis spectrum near ∼ 50 rad m −2 , we were able to obtain a cleaner signal than if we just took the raw channel fractional polarization values. Figure 5 shows the resulting p(λ 2 ) from the coherently averaged data from RM synthesis (blue points), overlaid on the raw channel data (uncorrected for bias and the effect of instrumental polarization).
ATCA imaging
The ATCA data at 16 cm enabled high angular resolution imaging of the southern hotspot at 5 ′′ . This allowed us to resolve the total intensity and polarization structure, shown in Figure 6 . The size of the hotspot region is ∼20 kpc, which is consistent with expectations based on self-similar models of FRII radio galaxies of this size (e.g. Hardcastle et al. 1998b; Kaiser & Alexander 1997) . While the current ATCA data is excellent for resolving the structure of the hotspot, it is not sufficient for recovering all of the more diffuse lobe emission. Indeed the integrated total intensity emission is ∼15% lower than expected from extrapolation of the best fitting line in Figure 3 . Therefore, we only use the NVSS data as a more reliable 'short-wavelength' constraint in the polarization model fitting (Section 4.1.3) RM synthesis was used on a pixel-by-pixel basis across the hotspot emission to obtain the distributions of RM (corrected for ionospheric Faraday rotation; see Section 2.2) and fractional polarization, as well as the polarized intensity with the sensitivity of the full bandwidth. Figure 6 shows how the total intensity and polarization structure of the southern hotspot is split into two distinct regions (Region E & Region W), which is consistent with a previous VLA image at 5 GHz with 4 ′′ .5 resolution (Kronberg et al. 1986 ).
The peak polarized intensities of the two regions are slightly offset from the peak in total intensity, and the degree of polarization ( Figure 7 ) increases sharply towards the outer edges of the regions, reaching maximum values of ∼ 45%. This type of structure is not uncommon for FRII hotspots (e.g. Rudnick et al. 1981; Rudnick 1988; Leahy et al. 1997) , where at high angular resolution they are often resolved into 'primary' and 'secondary' hotspot regions (Laing 1989 ). The RM distribution is shown in Figure 8 , with the RM only shown where the polarized intensity is above 10σ QU (where σ QU is estimated from the rms noise level in the Faraday dispersion function of Q and U in regions far from the peak). The RM increases across Region E from the north-east to the south-west, while in Region W the RM peaks near the middle and decreases to the north-east and south-west. The intrinsic polarization angle distribution ( Figure 9 ) was obtained by de-rotating the polarization angles to zero wavelength using the RM value of each pixel. This shows that the two brightly polarized regions have different intrinsic polarization angle distributions, and that the polarization angles are approximately orthogonal to the total intensity contours along the edges. This is consistent with the often observed tendency for the projected magnetic field direction to wrap around the edges of the hotspot region (see e.g. 3C 445 in Leahy et al. (1997) for a similar overall source structure). 
ATCA constraints for broadband depolarization modelling
We find no evidence for depolarization within the 16 cm band, by comparing the fractional polarization found using RM synthesis on the upper (> 2.1 GHz) and lower (< 2.1 GHz) frequency ranges of the band. Therefore, the goal here is to extract quantitative information from the ATCA data that can be used as constraints for the broadband polarization model-fitting of the MWA data (Section 4.1.3). We consider both the integrated polarization and RM properties of the entire hotspot as well as the integrated properties of the two distinct regions of polarization, as identified in Figure 6 . By integrating the Stokes Q and U within these two regions (bounded by the dividing line and outer-most Stokes I contour), we estimate the degree of polarization (p ATCA ) of each region with respect to the integrated emission of the entire hotspot (as this is the quantity determined by the model fitting of the MWA data). We find the degree of polarization of the region to the west (Region W) to be ∼17%, and the region to the east (Region E) to be ∼15% (see Table 4 ).
In order to inform our polarization modelling of the MWA data, we consider polarization-weighted quantities from the ATCA data. We estimate the polarization-weighted mean RM (RM wtd ) and polarization-weighted RM dispersion (dRM wtd ), respectively, as
and
where the RM is summed over all pixel locations ( j) and weighted by the polarized intensity (p) at each pixel. The polarization-weighted mean and standard deviations of the intrinsic polarization angles (ψ 0,wtd and dψ 0,wtd ) were obtained in a similar manner. We only sum over those pixels for which we have obtained RM values (i.e. above a 5σ QU cutoff). Table 4 summarises the parameter values calculated in the above manner for the resolved hotspot regions at 16 cm. The variation in RM of dRM wtd = 2.2 rad m −2 is relatively small compared to the mean polarization-weighted RM error of 1.4 rad m −2 . However, following Leahy et al. (1986) , we find a reduced chi-squared of 3.2 for the significance of the observed RM variations for our 5σ QU cut-off (3.1 for a 10σ QU cut-off). A reduced chi-squared of ∼1 is expected if noise errors dominate the RM fluctuations. By subtracting in quadrature the mean polarization-weighted RM error from dRM wtd , we get an estimate for the true underlying RM dispersion of 1.7 rad m −2 . However, in Section 4.1.3 we find that this is an overestimate of the Faraday dispersion required to explain the observed depolarization for the MWA band.
The intrinsic polarization orientation displays large variations across the hotspot with ψ 0,wtd differing by ∼ 52 • between Regions E and W. Within Region E, there is a relatively small systematic variation in its intrinsic polarization orientation ( 20 • ), while Region W displays a larger systematic change in the field orientation of ∼ 40 • from the south towards the north-eastern edge (Fig. 9) .
In our approach to modelling the MWA data (Sections 3 & 4.1.3), we assume that each 'RM component' is well characterised by a constant intrinsic polarization angle. This assumption of distinct regions of constant intrinsic field orientation dominating the emission is, in detail, inconsistent with the observed high resolution polarization structure. This is not overly surprising given the complex total intensity and polarization structure observed in hotspots at high angular resolution (e.g. Leahy et al. 1997; Tingay et al. 2008) . Additionally, we expect some diffuse polarized emission has been resolved out in our ATCA observations that is present in the MWA data. This highlights some limitations of our polarization modelling approach in the presence of significant underlying polarization and Faraday rotation structure. However, in the context of hotspots which can have significant structure on scales of 10's of parsecs (see Tingay et al. 2008 , and references therein), this will remain an issue even with high angular resolution spectropolarimetry at low frequencies. The development and application of more detailed polarization models is required but beyond the scope of the current work.
Depolarization modelling
We applied our polarization model-fitting techniques (Section 3) to the RM synthesis-averaged p(λ 2 ) data (Section 4.1) in order to investigate the physical cause of the observed depolarization behaviour. We fit the polarization models to the p(λ 2 ) data instead of the q(λ 2 ) and u(λ 2 ) data because we lack an absolute calibration of the polarization angle across the five MWA bands. Table 5 lists the best-fitting one-RM-component model parameter values for the southern hotspot data, along with their reduced-chi-squared ( χ 2 r ) and BIC values. Models (1a), (1b) and (1c) represent Eqn. 2 for different combinations of the Faraday depolarization parameters (σ RM,B and ∆RM, as can be inferred from the table entires themselves). While Models (1d) and (1e) represent Eqn. 3, with and without the ∆RM parameter, respectively. The RM and intrinsic polarization angle are fixed using the values for 'All' in Table 4, although variations in the parameters do not change the depolarization curve. As can be seen from the χ 2 r values and in Figure 10 , where we overlay the best-fitting models on the p(λ 2 ) data, none of the one RM component models provide adequate descriptions of the data. Model (1e) is selected by the BIC as the best-fitting model relative to the others. All the models generally describe the initial depolarization reasonably well, requiring a Faraday depolarization of ∆RM ∼ 0.7 rad m −2 or of σ RM ∼ 0.2 rad m −2 . However, most fail to adequately describe the secondary peak in p(λ 2 ) at λ 2 ∼ 6 m 2 , as well as the data at longer wavelengths.
The poor performance of the one RM component models, and the results from Section 4.1.2, led us to try models with two RM components. As we are doubling the number of parameters, we expect the fits to improve significantly. However, the BIC (and χ 2 r ) strongly penalises additional free parameters, thus providing us with a robust statistical measure as to whether or not the two RM component models are truly better descriptions of the data than the one RM component models (e.g. Schnitzeler 2018) . Table 6 lists the fitted parameter values of the two RM Note: RM = 50 rad m −2 for all models. Figure 10 . Plot of the p(λ 2 ) data for the southern hotspot (described in Figure 5 and Section 4.1), overlaid by the bestfitting one RM component models ( component models, and Figure 11 shows the p(λ 2 ) data overlaid by the best-fitting two RM component models. Table 4 ). We also tried fits where RM 1 , ψ 0,1 and RM 2 , ψ 0,2 were allowed to vary around their respective values, but we did not find any significant improvements in the fits. Overall, Model (2c) is the favoured best-fitting model with the lowest BIC and χ 2 r values, and provides a consid- Figure 11 . Plot of the p(λ 2 ) data for the southern hotspot (described in Figure 5 and Section 4.1), overlaid by the best-fitting two RM component models ( erably better fit than the best-fitting one RM component model, Model (1e). However, the value of χ 2 r = 2.1 indicates that Model (2c) does not fully capture the data and/or the errors in the MWA p(λ 2 ) data are underestimated (by a factor of ∼1.7). While a more in-depth error analysis of the MWA data may indeed increase the size of the error bars, the simplified assumptions in the depolarization models, as identified in Section 4.1.2, are the most likely limiting factor for the model-fitting. We do not consider three RM component models (or more complex model geometries) mainly because of the large number of model parameters that would need to be fixed due to our inability to do full 'qu-fitting' for the current dataset.
Based on the results of Model (2c), we tentatively identify Region E as the component with σ RM1,B = 0.054 ± 0.006 rad m −2 and ∆RM 1 = 0.725±0.005 rad m −2 , and Region W with ∆RM 2 = 1.24 ± 0.01 rad m −2 . Reassuringly, the ratio of p 0,1 and p 0,2 is 0.85, which is very similar to the ratio of the p ATCA values for Region E & W in Table 4 . The lower p 0,1,2 values are understandable in the context of the large synthesised beam of the MWA. In Section 5, we use the results of Model (2c), in particular the Faraday depolarization parameters, to derive constraints on the properties of the magnetoionic material local to the hotspot. 
Northern Hotspot and Bridge
Using the MWA and NVSS data, we find a total intensity spectral index of α = −0.78 ± 0.02 for the northern hotspot region, at 3 ′ .3 resolution and centred on the peak polarized intensity of the northern hotspot. The average RM for the northern hotspot of ∼+36 rad m −2 is significantly lower (∼14 rad m −2 ) than the southern hotspot. While it is possible that this RM difference is due to an asymmetry in the environment on either side of the host galaxy, we consider it more likely that the difference is due to a variation in the Milky Way RM on a scale of ∼15 ′ . 5 To analyse the depolarization behaviour, we use the MWA band-averaged polarization data (Table 3) , as the low signal to noise in polarization does not allow us to reliably extract sub-band information. Thus, we do not sample enough of the depolarization curve to accurately model the depolarization behaviour (Figure 12 ). However, combining the MWA and NVSS data, and using the Tribble-law for depolarization (Eqn. 3), we can roughly estimate the amount of Faraday depolarization as σ RM,T ∼ 0.9 rad m −2 from an intrinsic degree of polarization of ∼11% (Figure 12 ). We do not have enough data points to reliably constrain a two RM component model. More data is required between 1.4 GHz and 300 MHz, along with more sensitive low frequency data, to constrain the Faraday structure of the northern hotspot in a similar manner as the southern hotspot.
We also detect faint polarized emission from the northern bridge, at J2000 06 h 36 m 32. s 8, −20 • 32 ′ 15 ′′ . The polarized emission (found at ∼+38 rad m −2 ) is fainter than the sidelobes from the southern hotspot at this location. However, the peaks are sufficiently separate in Faraday depth space to estimate a degree of polarization of ∼1.2% at 216 MHz and ∼0.6% at 185 MHz (it is undetected in the lower frequency bands). We attempted to improve the quality of the FDF at this location by deconvolving the I, Q, U images averaged over 0.64 MHz. However, this did not improve the FDF at this location in a significant manner because for these observations the MWA beam is not well constrained at the location of the source. From the NVSS I, Q, U data smoothed to the MWA resolution, we find this region is ∼10% polarized at 1.4 GHz. A Faraday depolarization of σ RM,T ∼ 1.0 rad m −2 can decrease this to the observed degree of polarization in the MWA band.
The ATCA data ( Figure 13) show that bright polarized emission is present south-east of the peak in the total intensity emission. The polarized emission extends further south along the lobe structure until it is too faint to reliably detect. The RM varies across this region from approximately +34 rad m −2 to +38 rad m −2 (with a degree of polarization varying from ∼16% to ∼37% in a north-south direction). Observations with better uv-coverage and sensitivity are required to study the resolved polarization and RM structure of the northern hotspot and lobe in more detail.
PHYSICAL INTERPRETATION OF THE OBSERVED FARADAY DEPOLARIZATION
In determining the magnetoionic properties of the gas local to the radio galaxy, we focus solely on the results from the southern hotspot. We consider the two main possible scenarios to explain the Faraday depolarization results, in the context of the expected hotspot environment (Figure 14) : internal Faraday rotation (from low-energy relativistic electrons, or from thermal gas internal to the synchrotron emitting region), and external Faraday rotation from magnetised thermal gas outside the radio galaxy.
Internal Faraday depolarization
Ideally X-ray data would be used to constrain the magnetic field strength in the hotspot without the need for the assumption of equipartition (Harris et al. 1994) , but Xray data for the southern hotspot are currently not available. However, several studies of hotspots in high-luminosity FRIIs find that synchrotron self-compton (SSC) models can explain the radio and X-ray hotspot data, with hotspot magnetic field strengths similar to those derived from the equipartition/minimum energy condition (Hardcastle et al. 1998b (Hardcastle et al. , 2002 . In low-luminosity FRIIs the comparison is more complicated due to additional X-ray synchrotron emission (Hardcastle et al. 2004 (Hardcastle et al. , 2016 . We use the synchrotron minimum energy (equipartition) magnetic field formulation described in Worrall & Birkinshaw (2006) , which recasts the traditional formulation based on the maximum and minimum radio frequencies (e.g. Longair 2011) to the more physically meaningful low and high relativistic-electron energy distribution cutoffs (γ min , γ max ). We find an equipartition magnetic field strength of B eq ∼ 20 µG, using the observed radio flux for the southern hotspot (Table 3 ) and the best-fitting spectral index of α = −0.8, considering the hotspot as a sphere of radius 10 kpc. Based on SSC model results for hotspots (Hardcastle et al. 2004 (Hardcastle et al. , 2016 , we assume a hotspot volume completely filled with relativistic leptons (filling factor f = 1 and k = 0) 6 with γ min = 1000.
We cannot constrain the value of γ min from our observations as we do not detect any evidence of a turnover of the total intensity spectrum of the hotspot at the lowest frequencies (Fig. 3) , which could indicate the presence of a low-energy cutoff in the relativistic electron energy distribution (e.g. Carilli et al. 1991) . However, many studies suggest that γ min is somewhere between 100 and 1000 for FRII hotspots (Carilli et al. 1991; Hardcastle et al. 1998a; Godfrey et al. 2009; McKean et al. 2016) . Moderate filling factors and a proton population that does not dominate the energetics are still consistent with SSC model predictions (Hardcastle et al. 2004) , so in principle a magnetic field strength of up to B eq ∼ 70 µG may still be possible ( f = 0.1, 6 k is the ratio of total energy in non-radiating particles to that in synchrotron-emitting leptons. k = 1, γ min = 100). However, based on the most likely parameters from the SSC modelling and for simplicity, we use B eq = 20 µG.
Internal Faraday depolarization from thermal gas
Ordered polarization structures in FRII hotspots (and elsewhere in radio galaxies) are most commonly considered to arise from the stretching and compression of an initially disordered magnetic field by the flow of the relativistic plasma (Laing 1980) . Although current three dimensional MHD simulations indicate that large-scale ordered fields likely exist in the jet launching region (e.g. McKinney & Blandford 2009) and possibly persist to kiloparsec scales (Tchekhovskoy & Bromberg 2016) , there is of yet no strong observational support for this scenario in relation to radio galaxy hotspots. Therefore, we assume the partially ordered field responsible for the observed degree of polarization is effectively random in the context of the line of sight magnetic field (B | | ) responsible for the Faraday rotation.
Internal Faraday rotation may occur within the hotspot itself or in the surrounding lobe material. Based on the assumptions used to estimate B eq , it is unlikely that the hotspot contains a significant amount of thermal plasma. However, significant amounts of thermal plasma could in principle exist in the surrounding lobe material. As the supersonic jet terminates at the hotspot region, the shockaccelerated material flows backwards to inflate an overpressured cocoon/lobe surrounding the jet (Figure 14) . If this 'backflow' entrains thermal gas from the environment, through surface-wave instabilities for example (Bicknell et al. 1990 ), then it may be a significant source of Faraday depolarization.
For ∆RM ∼ 0.7 rad m −2 due to internal Faraday rotation, then following Eqn. 1, we estimate an average internal thermal electron density of n e ∼ 10 −4 (N rev /1000) 1/2 cm −3 , using a path length of twice the radius of the hotspot, B | | = B eq / √ 3 and assuming B | | reverses direction of order 1000 times along the path length (N rev ).
Internal Faraday depolarization from low-energy relativistic electrons
In light of the small observed Faraday depolarization, we now consider internal Faraday rotation from purely relativistic particles in the hotspot. In this regard, it is the relativistic electrons at the low energy end of the electron energy spectrum that contribute most to the internal Faraday rotation.
As there is no Faraday rotation in a pure pair plasma, we require an excess of low-energy electrons (or positrons). Following Jones & O'Dell (1977) and Homan (2012) , we have the RM from relativistic particles (RM r ),
for α = −0.8 and where n r is the relativistic particle number density and all units are the same as before. Using the equipartition condition, we can write the relativistic particle density in terms of γ min and the magnetic field strength, giving n r ∼ 1.8 × 10 11 B 2 γ −1 min cm −3 (e.g. Godfrey et al. 2012 ).
For γ min = 1000 and B eq = 20 µG we find a negligible value of RM r ∼ 10 −8 rad m −2 . Thus, this scenario can be ruled out for self consistent parameters related to the hotspot emission.
External Faraday depolarization
The most common explanation for Faraday depolarization in radio galaxies is depolarization caused by turbulent, magnetised thermal gas in the intragroup/intracluster medium in which the radio galaxy is expanding into (e.g. Laing et al. 2008 ). In the case of the southern hotspot, we have a compact emission region at a distance of ∼500 kpc from its host galaxy, in an isolated environment (Baum et al. 1988 ).
Without deep X-ray observations to reliably determine the external particle number density, we are left to estimate it by other means. A plausible particle number density for the intergalactic medium at the distance (r) of the hotspot, can be estimated using a standard profile n IGM (r) ∼ n 0 (r/a 0 ) −b . This gives n IGM (500 kpc) ∼ 3 × 10 −5 cm −3 , for the typically derived values of n 0 ∼ 10 −2 cm −3 , a 0 ∼ 10 kpc, and b ∼ 1.5 (Mulchaey & Zabludoff 1998; Sun 2012) . However, the uncertainty in the applicability of these scaling-relations to such an isolated galaxy system as PKS J0636-2036, and the large scatter in the scaling parameters, means that this external gas number density value is quite crude, and possibly overestimated. In the case that this radio galaxy extends into an extremely low density environment, then it may be propagating in the warm-hot intergalactic medium (WHIM), which has an expected particle density of n WHIM ∼ 10 −6 cm −3 (e.g. Subrahmanyan et al. 2008; Machalski et al. 2011) .
External Faraday depolarization due to a magnetised IGM
In order to estimate physical quantities from the ∆RM parameter, we need to include the correction factor of 1.35 for the case of a linear RM gradient in a Gaussian beam profile (Section 3). For Model (2c), this gives ∆RM c 1 ∼ 0.5 rad m −2 and ∆RM c 2 ∼ 0.9 rad m −2 (where the c superscript denotes the 'corrected' values). Explaining ∆RM ∼ 0.5 to 0.9 rad m −2 requires uniform field structures on scales of at least 10 kpc, to produce a smooth gradient in the RM across the emission region. A cell size of 10 kpc and a path length of 500 kpc requires an IGM magnetic field strength (B IGM ) of ∼0.3 to 0.5 µG for n e ∼ 3 × 10 −5 cm −3 . If the outer scale of the field extends to 500 kpc then B IGM ∼ 0.04 to 0.07 µG. If n WHIM ∼ 10 −6 cm −3 is more appropriate for the IGM at the distance of the hotspot, then the required magnetic field strengths are ∼30 times larger.
External Faraday depolarization due to
shock-enhanced IGM gas
An alternative scenario for external Faraday depolarization is from ambient gas that has been compressed and heated by the bow shock from the advancing hotspot (see Figure 14) . While strong bow shocks around FRII radio galaxies are expected due to the supersonic advance of the hotspot (Kaiser & Alexander 1997) , there is of yet little evidence for such strong shocks surrounding powerful radio galaxies (although see Stawarz et al. (2014) for a scenario for why these shocks might be difficult to detect in X-ray observations). Evidence for this scenario has been presented previously in the case of the FRII radio galaxy, Cygnus A (Carilli et al. 1988) . They associated an approximately 'hemispherical structure of large RM' with the hotspot in the eastern lobe of Cygnus A, and considered this as being due to the compression of the IGM by the expected bow shock. Furthermore, as studied by Guidetti et al. (2011 Guidetti et al. ( , 2012 , compression alone of ambient gas is insufficient to explain the systematic RM gradients (or 'RM bands') seen in their observations of FRI radio galaxies. They find that 'magnetic draping' (Dursi & Pfrommer 2008) , where the external magnetic field is swept up and aligned by the expanding radio source, is required (in addition to some compression).
In our case, considering a maximum density compression factor of 4, gives an enhanced external gas number density of n e ∼ 1.2 × 10 −4 cm −3 . The extent of the bow-shocked region is unclear but rough estimates can be made based on numerical simulations of jets in which an extent of approximately 1 to 2 times the size of the hotspot is found (Norman et al. 1982) . Assuming that the region of enhanced density and magnetic field extends ∼ 20 kpc outside the edge of the radio galaxy, and if the line-of-sight magnetic field does not reverse direction, then we find a shock-enhanced B | | ranging from ∼0.3 to 0.5 µG (for ∆RM ∼ 0.5 to 0.9 rad m −2 ).
This scenario can be quite attractive if the advancing bow-shock has significantly enhanced the gas density and magnetic field strength in this region, in addition to the magnetic-draping effect that generates the initial uniform magnetic field. However, if the IGM density is similar to that of the WHIM (∼ 10 −6 cm −3 ), then the required uniform lineof-sight magnetic field strength in the bow-shocked region becomes quite large (∼ 10 µG).
DISCUSSION
Internal or external Faraday depolarization
For internal Faraday rotation from thermal gas, we estimated a thermal electron density of n e ∼ 10 −4 cm −3 in the backflow/lobe region surrounding the hotspot (Section 5.1.1). The expected temperature of thermal gas internal to an FRII hotspot/lobe region is unknown. From observations of X-ray cavities associated with radio galaxies, we expect T > 10 keV (Schmidt et al. 2002; Gitti et al. 2007 ) and T > 500 keV from models of FRI radio galaxies (Croston & Hardcastle 2014) . However, these observations and models do not directly apply to FRII radio galaxies whose jets are not expected to entrain and heat much, if any, thermal material. In any case, if we assume a gas temperature of T = 500 keV, then the internal pressure from thermal material is p th ∼ 2n e k B T ∼ 3 × 10 −11 Pa. We can compare this value to the synchrotron gas pressure of p min ∼ 10 −12 Pa, which is ∼3 times smaller than p th . This is inconsistent with the expectation of thermal gas not being energetically significant in FRII lobes (Croston et al. 2005; Ineson et al. 2017) , as opposed to FRI radio galaxies where the opposite is expected to be true (Croston et al. 2008; Bîrzan et al. 2008; Croston & Hardcastle 2014) . Therefore, we consider the case Figure 14 . Cartoon illustrating the various components near the termination point of an FRII radio galaxy, as described in Sections 5, to interpret the observed Faraday depolarization. of significant internal Faraday rotation from thermal gas as unlikely.
For the case of external Faraday depolarization, we lack direct tracers of the ambient thermal gas density. If our extrapolation from group environment scaling relations is close to accurate, then IGM magnetic field strengths ranging from 0.04 to 0.5 µG, for outer and inner field scales of 500 kpc and 10 kpc, respectively, can explain the observed amounts of Faraday depolarization. In both cases, the estimated field strengths would increase by a factor of ∼30 if the external gas number density is similar to that expected for the WHIM. Such high field strengths would be inconsistent with recent upper limits for intergalactic filaments Vernstrom et al. 2017) . Therefore, an ambient gas density of order 10 −5 cm −3 is probably more realistic than a WHIM density of ∼ 10 −6 cm −3 . A scenario in which an advancing bow-shock has significantly enhanced the gas density and magnetic field strength over a short range in the ambient medium can also explain the observations, with field strengths in the range 0.3 to 0.5 µG.
From this analysis we can conclude that external Faraday rotation is most likely the dominant factor in the observed depolarization, although the external field strength and scales are not very well constrained. Improved constraints may be obtained from high resolution radio observations at low frequencies, which would better map the RM variations and depolarization across the hotspot region (instead of relying on the depolarization modelling of the integrated hotspot emission). Deep X-ray observations could help to better determine the magnetic field strength in the hotspot, however detecting the ambient thermal gas (shocked or not) would be extremely challenging for current X-ray telescopes.
A giant radio galaxy
The observed linear size of PKS J0636−2036 on the sky is ∼957 kpc, putting it just short of the usual size of at least 1 Mpc for classification as a Giant Radio Galaxy (GRG). The axial ratio (R T , lobe length divided by half the lobe width) of the source ranges from ∼5 (nearest the host galaxy) to ∼10 (near the outermost regions). This is more similar to that measured for double-double radio galaxies (DDRGs) with 9 R T 16 than "normal" FRIIs with 2 R T 5 (Machalski et al. 2011) . DDRGs are indicative of recurrent jet activity in which the restarted jet propagates in an underdense environment leading to their large axial ratios. In applying this to GRGs, Machalski et al. (2011) raised the possibility of diffuse emission beyond the hotspot of GRGs with large axial ratios. This would mean that the implied low density of the IGM surrounding GRGs was as a result of a previous epoch of jet activity. However, while not directly invalidating this model, we do not see any evidence for diffuse emission beyond the hotspots, for a noise level of σ ∼ 0.15 Jy beam −1 . Alternatively, the large axial ratio may be due to unusual jet stability (Scheuer 1974 (Scheuer , 1982 enabling the jet to advance faster and further into the surrounding medium. Indeed the intrinsically poor environment (in terms of the expected ambient gas density of the IGM) may substantially assist in achieving both the unusual jet stability and large linear size.
The southern lobe is significantly longer than the northern lobe, with a size ratio of ∼1.3 between the southern and northern lobe. Such an asymmetry in length can be explained by light travel time effects in dynamical models of FRII sources (e.g. Longair & Riley 1979) . The expected size ratio q = (1 + β cos θ)/(1 − β cos θ), where β = v h /c is the advance speed (v h ) as a fraction of the speed of light (c), and θ is the angle to the line of sight. Using the measured value of q = 1.3, then θ must be less than 82.5 • . For typical advance speeds of 0.15c to 0.3c (Best et al. 1995) , then θ ranges from 30 • to 65 • giving de-projected total linear sizes ranging from 1.87 Mpc to 1.03 Mpc, respectively.
However, it may not be the case that the light travel time is the only effect in contributing to the observed size ratio. From a large study of the emission line properties of powerful radio galaxies, McCarthy et al. (1991) found that the more intense emission line gas was on the shorter arm side of the radio galaxy. This indicates that the radio galaxy environment has a potentially important contribution to any asymmetries in the relative lengths of the lobes. The host galaxy of PKS J0636−2036 has extended emission line gas within 20 ′′ of the host nucleus with an unclear relation to the jet structure (Baum et al. 1988) , although a filament to the north may be evidence of a previous interaction between the northern jet and its environment, potentially limiting the growth of the northern lobe compared to the southern lobe. The northern lobe also has a relatively bright emission feature about 240 ′′ from the core, indicative of significant dissipation of the jet energy in this region, which might also have limited the advance of the northern lobe into the IGM (as compared to the southern jet which appears to dissipate the majority of its energy at the southern hotspot).
In any case, whether or not the true linear size of the radio galaxy is greater than 1 Mpc, it almost certainly will be in the future, as the bright, compact hotspots indicate that this radio galaxy is still expanding (supersonically) into the IGM. Giant radio galaxies that are observed in the relict phase with a more relaxed, diffuse structure are more likely to be in pressure equilibrium with the IGM and near the end of their life (e.g. Subrahmanyan et al. 2008 ).
6.3 Finding more polarized radio galaxies at low frequencies
The current number density of extragalactic polarized sources with the MWA is quite small, estimated at ∼1/100 deg −2 in Lenc et al. (2016 Lenc et al. ( , 2017 . Here we briefly comment on some of the reasons why PKS J0636−2036 is detected in polarization across the full MWA frequency coverage (70 to 230 MHz), along with the future prospects for detecting more polarized source at low frequencies. Firstly, the large angular size of the source (∼15 ′ ) means that it is well resolved, given the MWA beamsize of ∼3.5 ′ , even though significant structure remains on smaller scales within the hotspot (as identified by the 5 ′′ ATCA data). Therefore, the effect of beam depolarization is reduced, with regions of different intrinsic polarization and/or Faraday rotation properties being separated on the sky.
Secondly, and likely more importantly, the intrinsically large linear size of the source (∼957 kpc) means that it extends well outside the host galaxy environment and into the tenuous intergalactic medium. This minimises the impact of external Faraday dispersion as a means of strongly depolarizing the emission, as observed in group and cluster environments (e.g. Laing et al. 2008) . Additionally, Strom (1973) found that sources with large angular and linear size had lower depolarization and found that this was most likely due to Faraday dispersion caused by the hot gas environment surrounding the host galaxy (Strom & Jaegers 1988) . As discussed in Farnsworth et al. (2011) , even small Faraday dispersions of 1 rad m −2 are sufficient to depolarize emission below the typical observational detection limits at low frequencies.
Furthermore, the FRII morphology of PKS J0636−2036 means that the brightest features are at the extremities of the radio source (i.e. in the least dense region of the environment), and they are also compact (i.e. the variation in RM across the emission region will be relatively small). This further helps to minimise the effect of external Faraday dispersion. In support of this, a recent catalog of ∼90 polarized sources at 150 MHz by van Eck et al. (in preparation) , finds that the majority of sources are associated with hotspots of FRIIs.
Thirdly, the large Galactic RM of this source (∼35 to 50 rad m −2 ) means that the polarized emission in the Faraday dispersion function is shifted away from the instrumental polarization near RM ∼ 0 rad m −2 , making it easier to reliably identify the real emission from the source; although Lenc et al. (2016) circumvented this problem somewhat by using the time-variable RM of the ionosphere.
This means that the most likely candidates for the detection of extragalactic polarized emission at low frequencies are FRII morphology radio galaxies with large linear sizes that are in low galaxy density environments. Low frequency telescopes with high angular resolution are likely to find many more sources than currently possible with the MWA, given the extra constraint for the MWA of large angular size sources. The high angular resolution currently provided by LOFAR of ∼6 ′′ (Shimwell et al. 2017) indicates that a much greater number density of extragalactic polarized sources can be detected, possibly up to one polarized sources every three square degrees (Mulcahy et al. (2014) , Neld et al. in prep) . In the future, the low-frequency component of the SKA can provide further improvements on the ability to detect polarized sources at low frequencies due to improved survey sensitivity and minimal radio frequency interference. However, we expect the ability to obtain high angular resolution images, similar to LOFAR, will be a key additional requirement.
CONCLUSIONS
We have presented a broadband polarization and Faraday rotation study of the nearby radio galaxy PKS J0636−2036 (z = 0.0551), using data from the MWA at 3 ′ .3 resolution from 70 to 230 MHz and the ATCA at 5 ′′ resolution from 1 to 3 GHz. This FRII radio galaxy has a linear size of ∼957 kpc, extending well outside its isolated ellliptical host galaxy and into the tenuous intergalactic medium. We find no evidence for flattening or a turnover in the total intensity spectrum of either hotspot, down to ∼75 MHz. A total intensity spectral index of α ∼ −0.78 was found for the northern hotspot, while for the southern hotspot α ∼ −0.82.
We have detected polarized emission from both the northern and southern hotspot of this radio galaxy, as well as part of the northern bridge. The northern hotspot is ∼11% polarized at short wavelengths (with the NVSS at 1.4 GHz), and decreases from ∼3% to 1% across the MWA band, with an RM of ∼ +35 rad m −2 and an RM dispersion of ∼0.9 rad m −2 . The polarized emission from the northern bridge is detected down to 185 MHz, and is consistent with a Faraday dispersion of ∼1 rad m −2 . The degree of polarization of the southern hotspot varies from ∼9% to ∼1% across the MWA band, at an RM of ∼50 rad m −2 , and it is ∼15% polarized in the NVSS. The depolarization is broadly consistent with an RM dispersion of ∼0.7 rad m −2 . This is the first time the broadband polarization behaviour of a radio galaxy has been determined at such low frequencies. The extensive wavelength-squared coverage provided by these observations (∼1.7 to 16 m 2 ) demonstrates the increased precision with which Faraday rotation properties can be determined, compared to traditional cm-wavelength facilities (e.g. VLA, ATCA). However, even though the hotspots are resolved from the lobes by the MWA, substantial structure remains within the southern hotspot. The 5 ′′ imaging with the ATCA reveals two main sub-regions with high degrees of polarization ( 45%) and an intrinsic magnetic field structure aligned with the edges of the hotspot region.
A general purpose, polarization model-fitting procedure was applied to the data from the southern hotspot to determine the Faraday depolarization parameters. We find that single RM component models cannot describe the broadband depolarization data from this region. Two RM component models provide substantially better fits to the data, although the best-fitting model still does not fully describe the observed data ( χ 2 r = 2.1). This is likely due to simplifying assumptions in the input models. In particular, the as-sumption that each RM component is well characterised by a constant intrinsic polarization angle. This is inconsistent with the structure revealed by the ATCA. This illustrates the need for high angular resolution at low frequencies as well as the development and application of more detailed polarization models.
We find that a magnetised IGM is more likely to be responsible for the majority of the observed depolarization than Faraday rotation internal to the hotspot emission region. However, due to the poorly constrained external gas density, we cannot uniquely determine the origin of the observed Faraday depolarization. For an estimated ambient density of 3 × 10 −5 cm −3 , IGM magnetic field strengths ranging from 0.04 to 0.5 µG are consistent with the observed depolarization, depending on the exact scale size of the fluctuations and the location of the dominant Faraday rotation region (e.g. in a compressed region outside the hotspot or distributed more uniformly in the IGM).
Overall, this work shows the importance of low frequency polarization and Faraday rotation observations in the study of radio galaxies, the impact on their environments and the magnetised properties of the intergalactic medium. Current and future low frequency surveys with LOFAR, MWA-Phase 2 and SKA1-low, should find a much greater number density of extragalactic polarized sources. This will enable powerful statistical studies of the physical properties of the radio galaxy population and the magnetisation of the intergalactic medium.
